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Binding of Inositol Phosphate to DNA-PK and
Stimulation of Double-Strand Break Repair
the DNA-dependent protein kinase DNA-PKcs. Although
the precise targets of DNA-PKcs are unknown, it has
been shown to phosphorylate XRCC4 in vitro and to
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modulate its DNA binding activity (Critchlow et al., 1997;* Imperial Cancer Research Fund
Leber et al., 1998; Modesti et al., 1999).Clare Hall Laboratories
DNA-PKcs is a large protein (z3500 amino acids, MwSouth Mimms
z465 kDa) (Smith and Jackson, 1999), the carboxyl ter-Hertfordshire EN6 3LD
minus of which contains a catalytic domain that is re-United Kingdom
lated to that found in the phosphatidylinositol 3 (PI 3)-† Imperial Cancer Research Fund
kinase family (Hartley et al., 1995). This similarity initially
44 Lincoln’s Inn Fields
suggested that DNA-PKcs might be capable of phos-London WC2A 3PX phorylating inositol phospholipids, but no such activity
United Kingdom has been detected. Instead, DNA-PKcs was shown to be
a serine/threonine protein kinase. Other members of
the PI 3-kinase related family include ATM, a protein
Summary deficient in Ataxia telangiectasia, and ATR, defects in
which lead to an AT-related disorder (Keith and
In mammalian cells, double-strand breaks in DNA can Schreiber, 1995; Smith and Jackson, 1999). Why these
be repaired by nonhomologous end-joining (NHEJ), a proteins should have retained the protein motifs charac-
teristic of a phosphatidylinositol kinase remains aprocess dependent upon Ku70/80, DNA-PKcs, XRCC4,
mystery.and DNA ligase IV. Starting with HeLa cell-free ex-
A scheme for nonhomologous end-joining is showntracts, which promote NHEJ in a reaction dependent
in Figure 1. It is thought that broken termini are recog-upon all of these proteins, we have purified a novel
nized by the Ku heterodimer, which then recruits DNA-factor that stimulates DNA end-joining in vitro. Using a
PKcs, thereby activating its kinase activity. This largecombination of phosphorus NMR, mass spectroscopy,
complex serves to protect the DNA ends from nucleaseand strong anion exchange chromatography, we iden-
attack, while also facilitating the recruitment of thetify this factor as inositol hexakisphosphate (IP6). Puri-
XRCC4/DNA ligase IV heterodimer. Although it is notfied IP6 is bound by DNA-PK and specifically stimulates at present clear how end-bridging is achieved, theseDNA-PK-dependent end-joining in vitro. The involve-
reactions result in the religation of the DSB, restoringment of inositol phosphate in DNA-PK-dependent
the integrity of the DNA.
NHEJ is of particular interest since the catalytic do- In an attempt to define in molecular detail the mecha-
main of DNA-PKcs is similar to that found in the phos- nism of NHEJ, an in vitro system for end-joining was
phatidylinositol 3 (PI 3)-kinase family. recently developed (Baumann and West, 1998). The re-
actions exhibited a requirement for DNA-PKcs, Ku70/80,
Introduction XRCC4, and DNA ligase IV, consistent with the in vivo
requirements. Preliminary fractionation and comple-
The repair of double-strand breaks (DSBs) in DNA is mentation assays, however, revealed that these factors
essential for the maintenance of genomic stability. Fail- were not sufficient for efficient end-joining, and that
ure to repair DSBs can result in the loss of genetic other components of the reaction remained to be identi-
information, chromosomal translocations, and cell fied. In the work described here, the complementation
death. Two mechanisms for the repair of DSBs have assay has been used to purify an additional component
been described, involving either homologous recombi- of the in vitro NHEJ reaction. We identify it as an inositol
nation (HR) or nonhomologous end-joining (NHEJ). Ho- phosphate (IP6) and show that purified IP6 is bound by
mologous recombination is particularly effective in S DNA-PK.
phase when the break can be repaired using genetic
information from a sister chromatid, whereas NHEJ is Results
thought to be effective at all times in the cell cycle
(Takata et al., 1998; Essers et al., 2000). NHEJ also plays DNA End-Joining In Vitro Is Dependent
an important role in DSB repair during V(D)J recombina- upon DNA-PKcs
tion (Taccioli et al., 1993; Blunt et al., 1995). Previous studies have shown that in vitro DNA end-
The repair of double-strand breaks by nonhomolo- joining is sensitive to the DNA-PK inhibitors wortmannin
gous end-joining requires the products of the XRCC4, and LY294002 (Baumann and West, 1998). These data
XRCC5, XRCC6, and XRCC7 genes (reviewed by suggest that DNA-PKcs plays an important role in the
Weaver, 1996; Chu, 1997; Critchlow and Jackson, 1998). end-joining mechanism. To further examine the partici-
XRCC4 encodes a protein (XRCC4) that forms a hetero- pation of DNA-PKcs in these in vitro reactions, we com-
dimer with DNA ligase IV, XRCC5 and XRCC6 encode pared the end-joining activity of human glial cell lines
the 70 and 80 kDa subunits of the DNA end binding MO59K (normal for DNA-PKcs expression) and MO59J
protein Ku, and XRCC7 encodes the catalytic subunit of (defective for DNA-PKcs expression) (Lees-Miller et al.,
1995). As shown in Figure 2, whole cell extracts from
MO59K cells promote efficient end-joining, while ex-‡ To whom correspondence should be addressed (e-mail: s.west@
icrf.icnet.uk). tracts from MO59J cells do not. Addition of purified
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complementation assay provided the basis for the purifi-
cation of the stimulatory factor in PC-A, which we now
designate Stimulatory Factor A (SFA).
Hypotonic lysis and subcellular fractionation of HeLa
cells into nuclear and cytoplasmic fractions showed the
cytoplasm to be rich in SFA (data not shown). By com-
parison, relatively low levels of SFA were detected in
nuclear extracts. The presence of sheared chromosomal
DNA in the nuclear extracts, which could compete for
the factors involved in NHEJ, however, made it difficult
to accurately assess the relative levels of SFA in these
two subcellular compartments. Given that the removal
of nuclei would minimize the amount of contaminating
DNA, we chose to prepare SFA from the cytoplasmic
fraction of 300 liters of HeLa cells.
Preliminary binding trials showed that cation-exchange
resins such as Mono S or SP-sepharose failed to bind
SFA. Therefore, anion-exchange resins of various strengths
were used throughout the purification scheme (Fig-
ure 3). During purification, we were somewhat surprised
to discover that SFA was heat stable, insensitive to
treatment with phenol, and insoluble in CHCl3. UV ab-
sorbance spectroscopy demonstrated that a sample of
concentrated SFA did not absorb at 280 nm, indicating
a lack of aromatic amino acids (data not shown). All
attempts to degrade SFA using proteases (trypsin, V8Figure 1. Repair of Double-Strand Breaks by Nonhomologous End-
protease, and proteinase K 1 SDS) failed (data notJoining
shown). Taken together, these observations suggestIn this schematic model DSBs, caused by either irradiation or chemi-
that SFA, previously assumed to be a protein participantcal assault, are bound by the Ku heterodimer (Ku70/80) and the
in NHEJ, is not a polypeptide.catalytic subunit of the DNA-dependent protein kinase, DNA-PKcs.
To investigate the possibility that SFA might be aBinding protects the free ends from nuclease attack while simultane-
ously initiating the assembly of the NHEJ apparatus. Through an as nucleic acid (RNA or DNA), SFA was treated with either
yet undefined process, DNA ends are bridged, and the XRCC4/DNA RNase A, NaOH (0.1–1.0 M at 608C), DNase I, or micro-
ligase IV complex is recruited to the DSB where it effects repair. coccal nuclease. These treatments had no effect on the
ability of SFA to stimulate end-joining (data not shown).
UV absorbance spectroscopy demonstrated that a sam-
DNA-PKcs to MO59J extracts, however, restored the abil- ple of concentrated SFA did not absorb at 260 nm,
ity to join DNA ends in vitro. These results demonstrate indicating a lack of purine or pyrimidine moieties in the
the dependence of the in vitro end-joining reaction upon sample (data not shown). These data demonstrate that
DNA-PKcs. SFA is not a nucleic acid.
Chemical Analysis of SFAPurification of a Factor that Stimulates DNA
End-Joining In Vitro To identify the active component in SFA, the sample
was subjected to NMR and mass spectroscopy. ProtonIn previous studies, cell-free extracts capable of pro-
moting DNA end-joining were fractionated by phospho- decoupled phosphorus NMR spectra (Figure 4A) re-
vealed four peaks (ratio 1:2:2:1) close to the phosphoriccellulose chromatography (Baumann and West, 1998).
One fraction (designated PC-C), which contained all acid standard suggesting six phosphate groups. The
1:2:2:1 ratio of peak intensities suggests two indepen-components known to be required for NHEJ in vivo
(Ku70/80, DNA-PKcs, XRCC4, DNA ligase IV), showed dent sets of equivalent phosphates as well as two non-
equivalent individual phosphates. Proton phosphorusonly limited ability to join DNA ends in vitro. The ability
to promote end-joining, however, could be restored by coupled spectra (Figure 4B) revealed phosphorus pro-
ton doublets, consistent with each of the phosphateaddition of a second fraction (designated PC-A). This
Figure 2. DNA End-Joining by Human Cell
Free Extracts Requires DNA-PKcs
Whole cell extracts from M059K and M059J
were incubated with 59-32P-end-labeled
HindIII-linearized pDEA-7Z DNA as described
in Experimental Procedures. Purified DNA-
PKcs was added directly to the reaction in the
amounts indicated. Samples were analyzed
by gel electrophoresis and 32P-labeled DNA
visualized by autoradiography. Mobilities of
linear and multimeric DNA species are indi-
cated.
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Figure 3. Purification of SFA
(A) Schematic representation of the chro-
matographic steps taken to purify SFA from
HeLa cytoplasmic extracts.
(B) Complementation of DNA end-joining by
the addition of undiluted DEAE fractions to
PC-C. End-joining by PC-C alone (2) and a
selected region of the column elution profile
are shown.
(C) Fractions eluting from mono Q were di-
luted 1:50 in L buffer and assayed for the
ability to complement end-joining by PC-C.
End-joining by PC-C alone (2) and a selected
region of the column elution profile are
shown.
groups being linked to a carbon participating in a car- acids, the SFA sample was found to contain a number
of species of low molecular mass. Although the SFAbon-hydrogen bond. These data suggest that the SFA
sample contains an organophosphorus compound con- sample was found to be heterogeneous, a clear peak
was detected at a mass of 660.9 Da. Additionally, antaining 6 phosphates, each directly linked to a (2CH)
group. array of peaks that differed from the original 660.9 Da
peak by 22 Da (the mass of sodium Na1) were observedThe molecular mass of SFA was determined by mass
spectroscopy (Figure 4C). While no significant signal downstream of the 660.9 Da peak. These masses appear
to correspond to the 11 (Na1), 12 (Na1), and 13 (Na1)was observed in the range commonly associated with
macromolecules, polypeptides, or polymeric nucleic salts of the 660.9 Da species.
Figure 4. Physical Characteristics of SFA
(A) Proton decoupled phosphorus spectra revealed four peaks (ratio 1:2:2:1) close to the phosphoric acid reference at 1.4909 ppm (intensity
2.582), 1.0003 ppm (intensity 5.465), 0.5554 ppm (intensity 6.002), and 20.0850 ppm (intensity 2.927), suggesting phosphate groups and
showing no evidence of phosphorus–phosphorus coupling.
(B) Proton phosphorus coupled spectrum revealed phosphorus proton doublets consistent with the phosphorus being linked to a carbon
hydrogen bond.
(C) Ion-trap spectrum revealed a mass of 660.9 Da, which represents the [mass 11]11-ion or [659.9 11]11-ion followed by a series of related
sodium salts at 682.9 Da (11 Na1), 704.9 Da (12 Na1), 726.9 Da (13 Na1).
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([659.9 1 1]11 Da), and that the array of peaks described
above represent the sodium salts that would readily
form with IP6.
To confirm that the active component in SFA is indeed
IP6, commercially available IP6 was assayed for its ability
to stimulate end-joining by PC-C. As shown in Figure
5B, IP6 stimulated end-joining at concentrations in the
region of 100 nM and stimulation was maximal at 1 mM.
End-joining by PC-C in the presence of 1 mM IP6 was
found to be sensitive to the DNA-PK inhibitor LY294002
(data not shown). These results indicate that the end-
joining reaction, which is stimulated by purified IP6, pro-
ceeds via the same DNA-PK-dependent pathway as that
observed in whole cell extracts (Figure 2).
To assess the specificity of NHEJ for IP6, we compared
the ability of IP6 to stimulate end-joining with other inosi-
tol phosphates (IP5, IP4, and IP3). In addition, inositol
hexasulphate (IS6—an inositol compound that would
provide a charge distribution similar to that of IP6 while
presenting sulfate rather than phosphate groups) was
also assayed. It was found that IS6 was unable to stimu-
late end-joining, demonstrating a clear requirement for
phosphate groups (Figure 5C). Indeed, we found that
IP6 proved to be the most effective inositol phosphate
compound of those tested. IP5 and IP4 were also able
to stimulate end-joining, but the efficiency of this stimu-
lation was reduced relative to IP6. These data show that
end-joining requires a phosphorylated inositol species,
and that the stimulation of NHEJ is directly related to
the extent of phosphorylation.
Further evidence that IP6 is the active component in
SFA was obtained by strong anion exchange (SAX) chro-
matography using a resin that is commonly utilized to
separate highly charged molecules such as the inositol
phosphates. To determine whether the NHEJ stimulat-
ing activity in SFA cofractionated with IP6, an aliquot of
SFA was spiked with a trace amount of 3H-IP6 (4 nM),
and the mixture was chromatographed on AG 1-X8 resin.
Figure 5. Stimulation of DNA-PK-Dependent End-Joining by Inosi-
Complementation assays were performed to detect thetol Phosphates
presence of SFA, and the 3H-IP6 content was assessed(A) Schematic representation of IP6. by scintillation counting. As shown in Figure 6, the peaks(B) Complementation of PC-C by IP6. End-joining assays were car-
of SFA and 3H-IP6 were coincident.ried out using PC-C complemented with increasing amounts of IP6.
Although IP6 is of small molecular size (660 Da), its(C) Effect of inositol phosphates on DNA-PK-dependent NHEJ. Ino-
high charge to mass ratio and the hydrogen bondingsitol hexakisphosphate (IP6), inositol pentakisphosphate (IP5), inosi-
tol tetrakisphosphate (IP4), inositol trisphosphate (IP3), or inositol observed between phosphate groups (Emsley and Niazi,
hexasulphate (IS6) were assayed for their ability to stimulate DNA 1981) result in a larger apparent molecular size in aque-
end-joining by PC-C. ous solutions at low ionic strength. This has been ob-
served by the retention of IP6 by dialysis membranes at
low ionic strength, and the passage of IP6 through theIdentification of the Active Component
same membrane at high ionic strength (data not shown).of SFA as IP6
Equilibrium dialysis trials were performed to compareInositol is a fully hydroxylated six-carbon ring which is
the movement of SFA and 3H-IP6 across a dialysis mem-found in a number of phosphorylation states ranging
brane (12–14 kDa cutoff). Both SFA and 3H-IP6 werefrom mono- through hexakisphosphate. Inositol hexa-
retained during equilibrium dialysis at low ionic strength,kisphosphate (IP6) (Figure 5A) shares the same molecu-
and at high ionic strength both SFA and 3H-IP6 passedlar weight as SFA (659.9 Da) and has the same phospho-
through the dialysis membrane (data not shown). Theserus content. The presence of six phosphates in IP6 and
observations add to the list of physical properties sharedtheir conformation in aqueous solution (Costello et al.,
by SFA and IP6.1976; Emsley and Niazi, 1981; Barrientos and Murthy,
1996) is in keeping with the proton-decoupled phospho-
rus NMR spectra of SFA (Figure 4A), which matches the Specificity of IP6 for DNA-PK-Dependent
End-Joiningproton-decoupled phosphorus NMR spectrum for the
mono-ionic form of IP6. Furthermore, each phosphate The data presented above show that the stimulatory
factor purified from HeLa cells is inositol hexakisphos-group of IP6 is linked to a carbon participating in a car-
bon-hydrogen bond, which is in accord with the proton- phate (IP6). Because many substances (e.g., PEG, PVA)
have nonspecific stimulatory effects on the efficiencycoupled phosphorus NMR spectrum (Figure 4B). These
results indicate that the 660.9 Da species detected of DNA ligases in vitro, we next determined whether IP6
was specific for NHEJ mediated by DNA-PK. To do this,by mass spectroscopy is the protonated form of IP6
Role of Inositol Phosphate in NHEJ
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Figure 6. SFA and IP6 Cofractionate by Strong Anion Exchange
Chromatography
A trace amount (4 nM) of 3H-IP6 was added to a 1 ml aliquot of SFA.
The resulting sample was applied to AG 1-X8 resin and eluted as
described in Experimental Procedures. Top, elution profile of 3H-IP6
as measured by scintillation counting. Bottom, elution profile of SFA,
determined by the complementation of PC-C-mediated end-joining.
End-joining has been calculated as % total ends joined.
we compared the ligation efficiencies of PC-C and T4
DNA ligase in the presence or absence of IP6. It was
Figure 7. Specificity of IP6 for DNA-PK-Mediated End-to-End Li-found that IP6 stimulated end-joining by PC-C whereas gation
the efficiency of ligation by T4 DNA ligase was unaf-
(A) DNA end-joining reactions catalyzed by PC-C were analyzed infected (Figure 7).
the presence or absence of 2 mM IP6.
(B) Similar reactions carried out using T4 DNA ligase (0.03 u/ml) in
place of PC-C.
Binding of 3H-IP6 by DNA-PK
The catalytic domain of DNA-PKcs is related to that found
in the PI 3-kinases, which phosphorylate inositol phos- of DNA-PK, the competition of 3H-IP6 retention by unla-
pholipids. Previous studies have shown that recognition beled IP6, and the cofractionation of 3H-IP6 and DNA-
of the inositol phosphate headgroup by the PI 3-kinases PK activity indicate that DNA-PK is capable of bind-
is mediated by defined sequences within this conserved ing IP6.
domain (Figure 8A) (Bondeva et al., 1998). Given that To assess the specificity of DNA-PK for IP6, we exam-
NHEJ is dependent upon DNA-PKcs (Figure 2) and is ined the ability of DNA-PK to bind another inositol phos-
stimulated by the addition of IP6, it was plausible that phate. Given that IP3 does not stimulate NHEJ (Figure
this stimulatory effect was due to a physical interaction 5C), we selected 3H-IP3 for this comparison. In contrast
between IP6 and DNA-PK. with 3H-IP6, the retention of 3H-IP3 by the gel filtration
Gel filtration analysis using 3H-IP6 and purified DNA- matrix was not altered by the presence of DNA-PK (Fig-
PK was carried out to assess the ability of DNA-PK to ure 8C). Furthermore, we failed to observe the coelution
interact with IP6. As shown in Figure 8B, 3H-IP6 was of 3H-IP3 with DNA-PK kinase activity. This argues
against the possibility that the observed binding of IP6retained by the gel filtration media in the absence of
by DNA-PK might be due to nonspecific interactionsDNA-PK and eluted late from the column. In this experi-
between DNA-PK and the multiple phosphate groupsment, the retention of 3H-IP6 was observed in the pres-
of IP6. Taken together, the data presented in Figure 8ence of nonspecific proteins that have no effect on the
demonstrate a physical interaction between DNA-PKmobility of 3H-IP6. In the presence of DNA-PK, however,
and IP6 that does not extend to all of the inositol phos-an additional peak of 3H-IP6 was observed in early frac-
phates.tions of the elution profile. This novel DNA-PK-depen-
dent peak of 3H-IP6 was found to correlate with the peak
of DNA-PK activity. DNA-PK-dependent retention of Discussion
3H-IP6 was not observed in the presence of a 9-fold
molar excess of unlabeled IP6 (data not shown). The altered We have isolated a factor from HeLa cell extracts that
stimulates NHEJ in vitro, and have identified it as inositolretention of 3H-IP6 by gel filtration media in the presence
Cell
726
Figure 8. Binding of IP6 by DNA-PK
(A) Schematic representation of human DNA-
PKcs. The gray area represents the C-termi-
nal 380 aa which shares sequence similarity
to the catalytic domain of the phosphatidyl-
inositol 3-kinases (Hartley et al., 1995). The
black box indicates the location of the puta-
tive inositol phosphate headgroup binding
domain of the phosphatidylinositol 3-kinases
(Wymann and Pirola, 1998). The lysine (K) res-
idue believed to be the target of wortmannin
interaction is shown as are the two aspartate
(D) residues believed to be located in the ATP
binding active site of the protein kinase.
(B) Gel filtration analyses of 3H-IP6 binding by
DNA-PK. Filled circles, elution profile of 3H-IP6
in the presence of nonspecific proteins. Open
squares, elution profile of 3H-IP6 in the pres-
ence of DNA-PK. Filled squares, profile of
DNA-PK kinase activity of fractions repre-
sented by open squares.
(C) Gel filtration analysis of 3H-IP3 in the pres-
ence or absence of DNA-PK. Experimental
details are as described in (B).
hexakisphosphate (IP6). The concentration of IP6 in and that the true effector of NHEJ may be IP7 or IP8. The
correlation between the degree of phosphorylation andmammalian cells has been estimated to be 10 mM
(Szwergold et al., 1987). Much of this is likely to be end-joining efficiency fits a model in which inositol phos-
phate functions as a ligand and is bound by a ligandbound by proteins and by monovalent and divalent cat-
ions, such that the available pool of unbound IP6 may binding species. In such a model, small alterations in
the structure of the ligand (in this case changes frombe significantly lower (Theibert et al., 1992; Hawkins et
al., 1993; Fukuda and Mikoshiba, 1997). Our observation IP6 to IP5 or to IP4) would be predicted to result in incre-
mental decreases in the affinity or stability of the ligandthat IP6 stimulates end-joining at a concentration of 100
nM indicates that the intracellular concentrations of un- binding interaction. If ligand binding is essential for end-
joining, then these small alterations in ligand structurebound IP6 will be more than sufficient to facilitate DNA-
PK-dependent end-joining in vivo. would be apparent as incremental decreases in end-
joining efficiency. An important prediction made by thisRecent studies on the metabolism of IP6 in yeast have
identified a factor, ArgRIII, which catalyzes the ATP- model is that a species which both binds IP6 and partici-
pates in NHEJ is present in PC-C. We have shown thatdependent phosphorylation of IP3 and IP4. Mutation of
the ARGRIII gene leads to a dramatic decrease in intra- DNA-PK can bind IP6, leading us to suggest that the IP6
binding component in PC-C is indeed DNA-PK. At thecellular IP6 and results in defects in mRNA export (York
et al., 1999; Odom et al., 2000; Saiardi et al., 2000). Here present time, however, we have not identified which
component of DNA-PK (Ku70, Ku80, or DNA-PKcs)we have described biochemical studies linking IP6 with
a second nuclear function, NHEJ. makes specific contact with IP6.
The apparent requirement for IP6 in efficient NHEJWhat is the role of inositol phosphate in NHEJ? IP6
has been shown to function as an inhibitor of serine/ suggests that DNA-PK is in some way NHEJ-inactive in
the unbound state, and that there is a transition upon IP6threonine phosphatases at concentrations of 10 mM or
greater (Larsson et al., 1997). Given that IP6 is capable binding resulting in an NHEJ-active species. Preliminary
studies indicate that IP6 has no significant effect onof stimulating NHEJ at 1% of this concentration, it is
unlikely that IP6 functions in NHEJ as a phosphatase the ability of DNA-PK to phosphorylate a synthetic p53
peptide substrate in the presence of DNA (data notinhibitor. Also, the inability of IP6 to enhance end-joining
by T4 DNA ligase argues against the possibility that IP6 shown). However, we do not rule out the possibility that
specific protein phosphorylation of one or more of thestimulates NHEJ via a nonspecific mechanism such as
macromolecular crowding by volume exclusion. in vivo substrates of DNA-PK may be altered upon IP6
binding. Additionally, binding of IP6 may influence theThe ability to stimulate NHEJ does not appear to be
restricted to IP6 because we found that IP5 and IP4 were ability of DNA-PK to interact with other components of
the NHEJ apparatus.also able to stimulate end-joining, though to a lesser
extent. Inositol polyphosphate kinases, however, are The consequences of IP6 binding by DNA-PK might
be structural in nature, possibly due to an allosteric shiftknown to act on IP6 and convert it to IP7 (Saiardi et al.,
1999), and at the present time we cannot rule out the upon association with IP6. Alternatively, binding of IP6
could simply alter the surface charge distribution ofpossibility that IP6 may be phosphorylated by the extract
Role of Inositol Phosphate in NHEJ
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purchased from Calbiochem. 3H-IP6 and 3H-IP3 (10–30 Ci/mmol) wereDNA-PK. Such an alteration of local electrostatic poten-
purchased from NEN. Human glial cell lines MO59J and MO59Ktial has been observed in the binding of IP6 to phospho-
were generous gifts from Dr. Susan Lees-Miller (Univ. of Calgary,glycerate mutase (Rigden et al., 1999). In this case, ligand
Canada).binding was mediated by both hydrogen bonding inter-
actions and by the strong positive electrostatic potential
Proteinsof the active site cleft. Occupancy of this highly charged
Whole cell extracts were prepared and fractionated on phosphocel-cleft by IP6 exposes several phosphates to the solvent, lulose as described (Baumann and West, 1998). Fraction PC-C was
which has a pronounced effect on the local electrostatic dialyzed for 2 hr against L buffer (20 mM Tris-HCl pH 8.0, 25 mM
potential relative to the unbound state. An alteration of KOAc, 0.5 mM EDTA, 10% glycerol, 1 mM DTT) and stored at –808C.
this kind would result in a more passive transition from DNA-PKcs was purified essentially as described (Dvir et al., 1993).
the NHEJ-inactive to the NHEJ-active state of DNA-
PK. Of course these two possibilities are not mutually Purification of SFA
exclusive and both mechanisms might influence the HeLa cells (300 liters) were cultured in suspension to a density of
5 3 105 cells/ml, harvested by centrifugation, washed twice withsubstrate specificity of DNA-PK as well as its potential
PBS, flash-frozen on liquid nitrogen, and stored at 2808C. Whento participate in extensive protein complexes.
required, two packed cell volumes of hypotonic lysis buffer (10 mMPrevious studies have demonstrated the ability of the
Tris-HCl pH 8.0, 1 mM EDTA, 1 mM DTT) was added and the cellsXRCC4/DNA ligase IV complex to promote DNA end-
were held on ice for 20 min. The cells were opened by douncejoining in vitro (Grawunder et al., 1997). The efficiency
homogenization (35 strokes with a “B” pestle) in the presence of
of this reaction is stimulated by the addition of Ku (Rams- protease inhibitors (1 mM PMSF, 2.2 ng/ml aprotinin, 1 ng/ml leupep-
den and Gellert, 1998) and further enhanced by the pres- tin, 1 ng/ml pepstatin A, and 1 ng/ml chymostatin). The resulting
ence of DNA-PK (Chen et al., 2000). Under our assay homogenate was centrifuged for 30 min at 10,000 rpm to pellet
conditions we observed low-efficiency end-joining by membraneous cellular debris and intact nuclei. The resulting cyto-
plasmic fraction was dialyzed for 2 hr at 48C against L buffer andPC-C (demonstrated to contain DNA-PK and XRCC4/
then centrifuged for 45 min at 45,000 rpm at 48C in a Beckman Ti45DNA ligase IV) (Baumann and West, 1998), and that this
rotor. All dialysis steps were carried out in tubing with a molecularreaction is stimulated by IP6. The requirement for IP6 by
weight cutoff of 12–14 kDa.PC-C may relate to the fact that fractionation was carried
Cytoplasmic extracts (from the equivalent of 100 liter culturedout using a phosphocellulose resin that most likely de-
cells) were first batch fractionated by absorption to 1/3 vol phospho-
pletes DNA-PK of IP6. Alternatively, it is possible that cellulose (Whatman P-11) by gently rocking for 30 min at 48C. Follow-
PC-C contains an inhibitor of end-joining which must be ing centrifugation, the unbound fraction was reserved. The resin
modified by an IP6-dependent process to permit efficient was washed twice with an equal volume of L buffer. The unbound
end-joining. fraction and the two washes were pooled, and spun for 45 min at
45,000 rpm at 48C in a Beckman Ti45 rotor. The supernatant wasDNA-PK is the only factor known to participate in
then loaded onto a 5 3 10 cm phosphocellulose column equilibratedNHEJ that has been demonstrated to bind IP6. DNA-
in L buffer. The flowthrough passed directly onto a 5 3 10 cmPKcs is a member of the phosphatidylinositol 3-kinase
affigel blue column (Bio-Rad) equilibrated in the same buffer. The(PI3K)-related kinase family, as are ATM and ATR. All
flowthrough was loaded onto a 1.6 3 39 cm DEAE Fast Flow columnthree proteins exhibit a strong sequence homology to
(Pharmacia) equilibrated in L buffer, which was eluted with 15 col-
the PI 3-kinases, especially in the catalytic core domain umn volumes of a 0–0.5 M KCl linear gradient in L buffer. Active
that binds and phosphorylates the phosphoinositol fractions eluting between 0.2–0.25 M KCl were pooled (designated
headgroup of phosphatidylinositol. However, no phos- DEAE SFA) and stored at 2808C until all 300 liter equivalent of HeLa
phorylation of lipid substrates has been observed by cell cytoplasm had been fractionated.
DEAE-SFA fractions were heat denatured by boiling for 15–20DNA-PKcs or by other members of this PI3K-related fam-
min, then centrifuged for 45 min at 45,000 rpm at 48C in a Beckmanily of kinases (Hunter, 1995; Keith and Schreiber, 1995;
Ti45 rotor to remove insoluble aggregates. The supernatant wasCarpenter and Cantley, 1996; Wymann and Pirola, 1998).
dialyzed for 6 hr against L buffer, applied to a 2.6 3 37 cm affigelIt is tempting to postulate that the PI3K-related ki-
heparin column (Bio-Rad), equilibrated in the same buffer, thennases are derived from a common ancestor that pos-
eluted with a 15 column volume 0–1.0 M KCl linear gradient in L
sessed both protein kinase and lipid kinase functions. buffer. Active fractions eluting between 0.28–0.33 M KCl were
Mutation of the PI3K catalytic domain could result in pooled, dialyzed for 6 hr against L buffer, then loaded onto a Mono
loss of lipid kinase activity, while retaining an affinity P HR 5/20 column (Pharmacia). The column was washed with 5
for the phosphoinositol headgroup. This hypothesis is column volumes of L buffer, then with 14 volumes of polybuffer 74-
HCl (pH 4.0), and finally eluted with a 50 column volume 0–2.0 Msupported by observations demonstrating that substitu-
KCl linear gradient. Active fractions eluting between 1.2–1.35 M KCltion of the putative phosphoinositol headgroup interac-
were pooled, extracted with phenol/CHCl3, dialyzed for 6 hr againsttion site of PI3Kg can alter or abort lipid kinase activity
L buffer, loaded onto a Mono Q HR 5/5 column (Pharmacia), equili-in vitro, while leaving protein kinase function unaffected
brated in L buffer, and then eluted with a 30 column volume 0–1.0(Bondeva et al., 1998). Clearly an important next step in
M KCl linear gradient in L buffer. Active fractions eluting from the
the investigation of both NHEJ and the PI3K-related column between 0.18–0.23 M KCl were pooled, dialyzed overnight
kinases will be to characterize the interaction between at 48C against dH2O, and stored at 2208C.
DNA-PK and IP6 and to examine the consequences of
this binding event. It will also be of interest to determine End-Joining Reactions
whether the activities of other PI3K-related kinases are Reactions (10 ml) were carried out in 50 mM HEPES pH 8.0, 40 mM
modified through interactions with inositol phosphates. KOAc, 0.5 mM Mg(OAc)2, 1 mM ATP, 1 mM DTT, 0.1 mg/ml BSA,
and contained 2–3 ml (3–5 mg) of PC-C and HindIII-linearized
59-32P-labeled pDEA-7Z DNA (10 ng). Incubation was for 1 hr at 378C.Experimental Procedures
32P-labeled DNA products were deproteinized and analyzed by electro-
phoresis through 0.6% agarose gels followed by autoradiography.Materials
The reagents myo-inositol 1,4,5-trisphosphate (IP3), D-myo-inositol Quantification of joining efficiency was carried out by phosphorim-
aging and the data are presented as (% total ends-joinedsample) 21,3,4,5-tetrakisphosphate (IP4), myo-inositol 1,3,4,5,6-pentakisphos-
phate (IP5), myo-inositol 1,2,3,4,5,6-hexakisphosphate (IP6), and (% total ends-joinedPC-C) unless otherwise stated. For assays of
LY204002 and inositol phosphates, aqueous solutions were addedinositol hexasulphate (IS6) were purchased from Sigma. IP6 was also
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directly to the end-joining reactions. For the screening of column human cell-free extracts. Proc. Natl. Acad. Sci. USA 95, 14066–
14070.fractions, 0.5–1 ml of diluted (in L buffer) or undiluted column frac-
tions were added. Blunt, T., Finnie, N.J., Taccioli, G.E., Smith, G.C.M., Demengeot, J.,
Gottlieb, T.M., Mizuta, R., Varghese, A.J., Alt, F.W., Jeggo, P.A.,
Strong Anion Exchange Chromatography and Jackson, S.P. (1995). Defective DNA-dependent protein kinase
AG 1-X8 resin (200–400 mesh, formate form, Bio-Rad) was washed activity is linked to V(D)J recombination and DNA repair defects
with 5 volumes of 1.0 M formic acid, then with 15 column volumes associated with the murine scid mutation. Cell 80, 813–823.
of dH2O. SFA was dialyzed against dH2O overnight at 48C. A trace Bondeva, T., Pirola, L., Bulgarelli-Leva, G., Rubio, I., Wetzker, R.,
(4 nM) amount of 3H-IP6 was added, and the sample was applied to and Wymann, M.P. (1998). Bifurcation of lipid and protein kinase
a 1.0 3 1.3 cm AG 1-X8 column equilibrated with dH2O. The column signals of PI3Kgamma to the protein kinases PKB and MAPK. Sci-
was washed with 10 column volumes of dH2O, then eluted with a ence 282, 293–296.
30 column volume 0–2.75 M ammonium formate linear gradient in
Carpenter, C.L., and Cantley, L.C. (1996). Phosphoinositide kinases.0.1 M formic acid.
Curr. Opin. Cell Biol. 2, 153–158.
Mass Spectrometry Chen, L., Trujillo, K., Sung, P., and Tomkinson, A.E. (2000). Interac-
SFA sodium salt was acidified with 1 M HCl to approximately pH tions of the DNA ligase IV/Xrcc4 complex with DNA ends and the
2.0, diluted with one equivalent of 70% methanol/30% formic acid, DNA-dependent protein kinase. J. Biol. Chem. 275, 26196–26205.
and a 10 ml sample was loaded into a carbon-coated nano-spray Chu, G. (1997). Double-strand break repair. J. Biol. Chem. 272,
capillary needle (Protana) and the molecular weight determined by 24097–24100.
mass spectrometry using an ion-trap (LCQ Thermoquest).
Costello, A.J.R., Glonek, T., and Myers, T.C. (1976). 31P nuclear mag-
netic resonance-pH titrations of myo-inositol hexaphosphate. Car-
NMR
bohydr. Res. 46, 159–171.
SFA was lyophilized and resuspended in D2O. Measurements were
Critchlow, S.E., and Jackson, S.P. (1998). DNA end-joining: fromcarried out using a Bruker AC-300 pulse Fourier transform NMR
yeast to man. Trends Biochem. Sci. 23, 394–398.spectrometer operating at 300.13 MHz for protons 31P spectroscopy
(5 mm sample in 10 mm broad band probe), and at 121.497 MHz Critchlow, S.E., Bowater, R.P., and Jackson, S.P. (1997). Mammalian
with broad band proton decoupling (composite pulse). Reference DNA double-strand break repair protein Xrcc4 interacts with DNA
31P signals were detected in a 6 50 ppm window. ligase IV. Curr. Biol. 7, 588–598.
Dvir, A., Stein, L.Y., Calore, B.L., and Dynan, W.S. (1993). Purification
Equilibrium Dialysis and characterization of a template-associated protein kinase that
For analysis at low ionic strength, samples (1 ml) were dialyzed phosphorylates RNA polymerase II. J. Biol. Chem. 268, 10440–
against 0.5 liter dH20 for 21 hr at 48C with stirring. For high ionic 10447.
strength, samples were dialyzed against 0.25 liter of 2.5 M NaCl for
Emsley, J., and Niazi, S. (1981). The structure of myo-inositol hexa-48 hr at 48C. Dialysis tubing with a molecular weight cutoff of 12–14
phosphate in solution: 31P N.M.R. investigation. Phosphorus andkDa was used.
Sulfur 10, 401–408.
Essers, J., van Steeg, H., de Wit, J., Swagemakers, S.M.A., Vermeij,T4 DNA Ligation Assay
M., Hoeijmakers, J.H.J., and Kanaar, R. (2000). Homologous andReactions (10 ml) containing T4 DNA ligase (NEB) were carried out
non-homologous recombination differentially affect DNA damagein T4 DNA ligase buffer (NEB) at 168C in the presence and absence
repair in mice. EMBO J. 19, 1703–1710.of inositol phosphates. Reactions were stopped, deproteinized, and
the products analyzed by agarose gel electrophoresis. Fukuda, M., and Mikoshiba, K. (1997). The function of inositol high
polyphosphate binding proteins. BioEssays 19, 593–603.
Binding of 3H-IP6 by DNA-PK Grawunder, U., Wilm, M., Wu, X.T., Kulesza, P., Wilson, T.E., Mann,
Binding reactions (55 ml) were carried out in 25 mM HEPES pH 7.5, M., and Lieber, M.R. (1997). Activity of DNA ligase IV stimulated by
50 mM KCl, 10 mM MgCl2, 1 mM DTT, 10% glycerol, 0.1% NP-40 complex formation with Xrcc4 protein in mammalian cells. Nature
with 5000 units of DNA-PK (Promega) or 1.8 mg/ml of protein size 388, 492–495.
standards for gel filtration (BioRad) and 100 nM 3H-IP6 or 3H-IP3 at
Hartley, K.O., Gell, D., Smith, G.C.M., Zhang, H., Divecha, N., Con-48C for 30 min. Complexes were resolved on a Superose 12 PC3.2/
nelly, M.A., Admon, A., Lees-Miller, S.P., Anderson, C.W., and Jack-30 column run in 50 mM HEPES pH 8.0, 40 mM KOAc, 0.1M KCl,
son, S.P. (1995). DNA-dependent protein kinase catalytic subunit:10% glycerol, and 1 mM DTT at 40 ml/min. 50 ml fractions were
a relative of phosphatidylinositol 3-kinase and the ataxia telangiec-collected, and aliquots of each fraction were assayed for 3H-IP by
tasia gene product. Cell 82, 849–856.scintillation counting and for DNA-PK kinase activity. DNA-PK ki-
Hawkins, P.T., Poyner, D.R., Jackson, T.R., Letcher, A.J., Lander,nase activity was assessed using the SignaTECT DNA-PK assay
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